Summary. Ram semen was subjected to various dilution rates and temperatures of dilution, and was also subjected to slow cooling and rewarming. Calcium ion movements across sperm membranes were measured using the radioisotope 45Ca2+. It was shown that even 2-to 4-fold dilution caused an increase in intracellular calcium content. An increase in intracellular calcium also occurred in proportion to a decreased temperature of dilution.
Introduction
The intracellular calcium level of spermatozoa is normally maintained at a low level until capaci¬ taron (Singh, Babcock & Lardy, 1978) . Ram spermatozoa subjected to rapid cooling, a phenom¬ enon known as cold-shock and severely altering plasma membrane integrity, take up calcium into the cells (Quinn & White, 1966; van Eerten & Forrester, 1980) . Moreover, cold-shocked ram spermatozoa, or even those subjected to less severe cooling regimens, also manifest biochemical and functional changes and a degree of membrane disruption in proportion to the cold stress (Watson, 1981) . In this paper we consider the possibility that disturbances of intracellular calcium content might be an important component of the cellular dysfunction and structural disorganiz¬ ation. Accordingly, we have investigated the effects of dilution and cooling stresses less severe than that of cold shock to 0°C on the calcium influx in order to identify early changes in sperm cell membranes. Since it has been suggested that ram sperm membranes develop a resistance to cold shock over a period of incubation (Quinn, Salamon & White, 1968) , it was appropriate to investigate the effect of incubation on calcium movement in ram spermatozoa subjected to cold dilution. Some of the results have been published in abstract form (Plummer, Robertson & Watson, 1986 ).
Materials and Methods
Ram semen was collected from Finnish Landrace rams by artificial vagina. Only samples with vigorous motility were used for the experiments. Sperm density was ascertained from light absorbance measurements on a previously calibrated colorimeter (Cox & Melrose, 1953) .
Except when dilution was a factor under investigation, semen was extended 10-fold in a diluent containing 20 mM-Hepes-NaOH, 40 mM-glucose and 125 mM-NaCl (pH 70). Other dilutions were used as stated in 'Results'. In the dilution experiments, CaCl2 containing 45Ca2+ with a specific activity of 01 µ / was added to the diluent giving a final calcium concentration of 0-3 mM. In the cold shock experiments, semen was diluted into Hepes-buffered glucose saline (HBGS) at the temperatures specified, while for the slow cooling experiments semen was cooled at 0-125°C/min from 22°C to the temperatures specified before either dilution at the low temperature or rewarming to 22°C and dilution. Calcium movement was determined at intervals up to 2 h after dilution. Initial samples were removed immediately upon dilution. Calcium movement was terminated by mixing 100µ samples of diluted semen with 150µ HBGS containing 2mM-EGTA-Tris, pH 70 at 4°C (Reed & Bygrave, 1975 (Hancock, 1957) . All data were subjected to analysis of variance; percentage data were transformed to angles before analysis.
Results
Subsamples of semen were diluted 10-fold in Hepes diluent containing 300 µ CaCl2 (Fig. 1 In contrast, when undiluted semen samples were cooled slowly or rapidly (Fig. 4) Spermatozoa rapidly cooled to 5°C, and rewarmed to 22°C before dilution were unable to con¬ tain the increase in intracellular calcium content over a 2-h incubation period and were significantly different from controls diluted and incubated at 22°C for 2 h (Fig. 5a) . The difference was signifi¬ cant from 15 min ( < 0-001). However, when undiluted spermatozoa carefully cooled to 5°C at 0-125°C/min were rapidly warmed and diluted at 22°C there were no significant differences between these spermatozoa and their controls incubated at 22°C during the period of cooling (Fig. 5b) .
In the previous two experiments control samples were incubated for various periods at 22°C before dilution. As it has been suggested that ram sperm membranes develop a resistance to cold shock with time, the effect of holding at 22°C before dilution was investigated. The results (Table  4) revealed that the increase in intracellular calcium content which occurred at dilution was significantly diminished by a holding period of 2 h (P<0001). (Quinn & White, 1966;  Karagiannidis, 1976) may have overestimated the normal intracellular calcium levels. It is also pertinent that this increase in intracellular calcium content was evident at dilution rates lower than those that affected motility and differential staining ( > 32-fold dilution). Peak intracellular calcium levels were attained about 30 min after dilution and the levels were restored to initial values over the next 90 min. Further studies (Fig. 2) showed that the intracellular calcium content remained stable thereafter during incubation for at least 4h. That the initial value resembled values over 2-4 h after dilution suggested very rapid equilibration. The subsequent rise over 30 min probably represents accumulation in various intracellular com¬ partments or pools. It is well recognized that calcium gaining intracellular access to spermatozoa is accumulated by mitochondria (Babcock, First & Lardy, 1976; Babcock, Stamerjohn & Hutchinson, 1978; van Eerten & Forrester, 1980 (Pringle & Chapman, 1981 (Quinn et ai, 1968) . In the present study it was shown that the accumulation of calcium during cold shock was reduced in incubated spermatozoa, perhaps because of a greater resistance to membrane damage in such cells. These results lend support to the view that the calcium entry is occasioned by increased permeability. Certainly, severely cold-shocked ram spermatozoa show extensive membrane damage involving not only the plasma membrane but also the acrosome, but the extent of the disruption is not easily explained in terms of lipid-phase separations (Watson, 1981) . However, in view of the crucial role of calcium ions in the acrosome reaction (Yanagimachi & Usui, 1974; Shams-Borham & Harrison, 1981) it is possible that, should the plasma membrane barrier be breached, the access of calcium to the outer acrosomal membrane is sufficient to induce further membrane disruption. In those experiments in which permanent membrane damage was observed, the intracellular calcium levels were considerably higher than those in which the change was transient. Plummer & Watson (1985) have demonstrated calcium bound to the outer acrosomal membrane in cold-shocked ram spermatozoa when the plasma membrane was damaged. Moreover, the divalent ion chelator, EDTA, markedly reduced both calcium accumulation and loss of motility in cold-shocked ram spermatozoa . These observations lend support to the view that calcium ions may be a factor in extending the membrane damage commenced by cold shock. L.R. was supported by an AFRC Veterinary Schools Fellowship.
